Abstract GaInP/GaAs/Ge triple-junction solar cells were irradiated with 50 keV and 100 keV protons at fluences of 5 × 10 10 cm −2 , 1 × 10 11 cm −2 , 1 × 10 12 cm −2 , and 1 × 10 13 cm −2 . Their performance degradation is analyzed using current-voltage characteristics and spectral response measurements, and then the changes in Isc, V oc, P max and the spectral response of the cells are observed as functions of proton irradiation fluence and energy. The results show that the spectral response of the top cell degrades more significantly than that of the middle cell, and 100 keV proton-induced degradation rates of Isc, V oc and P max are larger compared with 50 keV proton irradiation.
Introduction
In our recent work [1] , GaInP/GaAs/Ge triplejunction solar cells for space use were irradiated with 0.28 MeV, 0.62 MeV and 2.80 MeV protons at fluences ranging from 1×10 10 cm −2 to 1×10 13 cm −2 . Their performance degradation is analyzed using current-voltage (I-V ) characteristics and spectral response measurements. The degradation rates of the short-circuit current (I sc ), open-circuit voltage (V oc ), and maximum power output (P max ) increase with fluence, but decrease with increasing proton energy. It was also observed that the spectral response of the middle GaAs cell degrades more significantly than that of the top GaInP cell. However, in space irradiation environment lower energy protons or higher energy protons that have slowed down by a coverglass to lower energies before emerging into the solar cells also induce performance degradation of the solar cells. For space applications it is important to investigate lower energy protons irradiation-induced damage to the cells and clarify the degradation mechanism. Furthermore, degradation induced by low-energy or medium-energy (∼300 keV) protons is much larger than that by highenergy protons [2, 3] . It is thus necessary to investigate low-energy (<150 keV) proton irradiation effects on the GaInP/GaAs/Ge triple-junction solar cells.
Experiment
A schematic of the solar cells used in this study is shown in Fig. 1 , which were fabricated by metal-organic chemical vapor deposition (MOCVD). The solar cells with no coverglass mainly consist of three sub-cells: a GaInP sub-cell (top part), a GaAs sub-cell (middle part), and a Ge sub-cell (bottom part). The middle sub-cell is connected with the top and bottom ones in series through tunnel junctions TJ1 and TJ2, respectively. The detailed structure and each part dimensions of GaInP, GaAs, and Ge sub-cells of the solar cells are also shown in Fig. 1 . The beginning-of-life (BOL) efficiencies of the cells with anti-reflective coating were tested at AM0 to be about 27%. The solar cells were irradiated with 50 keV and 100 keV protons at the fluences of 5×10 10 cm −2 ,
, and 1×10 13 cm −2 with a flux of ∼1× 10 9 cm −2 · s −1 , low enough to avoid heating of the cells during irradiation. I-V characteristics of the solar cells before and after irradiation were measured (25
• C) under AM0 using a LAPSS solar simulator with illumination at 136.7 mW/cm −2 . The spectral responses of the solar cells before and after irradiation were measured using a system consisting of a chopped light source, a bias light source, a monochromator, and a lock-in amplifier.
3 Results and discussion
I-V characteristics
I-V characteristics of the initial and the irradiated solar cells were measured. Fig. 2 shows the degradation of the normalized short-circuit current (I sc ), normalized open-circuit voltage (V oc ), and normalized maximum power output (P max ) as a function of proton irradiation fluence for different proton energies.
From Fig. 2 , one can see that proton irradiation at the lowest fluence leads to less performance degradation of the cells, but for fluences from 1 × 10 12 cm −2 to 1 × 10 13 cm −2 , the degradation rates of I sc , V oc and P max of the solar cells notably increase with fluence, in which P max exhibits the most severe degradation. As shown in Fig. 2 , the 100 keV proton-induced degradation rates of I sc , V oc and P max are larger than that of 50 keV proton irradiation at the same fluence. 
Degradation of the spectral response
Changes of the spectral responses of the middle and top sub-cells before and after irradiation at energy of 50 keV are shown in Fig. 3 for different fluences. Since the short circuit current (I sc ) of the Ge bottom cell is much larger than that of the two others, it was not plotted [4] . As shown in Fig. 3 , the degradation of the spectral response increases with fluence, the spectral response in the wavelength region from 650 nm to 900 nm (corresponding to the middle GaAs sub-cell) hardly decreases, but the spectral response of the solar cells mainly drops in the wavelength range from 340 nm to 620 nm (corresponding to the top GaInP sub-cell) as the fluence increases from 5×10 10 cm −2 to 1×10 13 cm −2 . Furthermore, irradiation decreases more significantly the shorter wavelength spectral response in the top GaInP sub-cell as compared with the longer wavelength. This is mainly due to damage at the interface of the top sub-cell, which increases the recombination velocity of the carriers and reduces the carrier life after a certain level of irradiation [5, 6] . The spectral response of the top GaInP cell degrades more than that of the middle GaAs cell in response to 50 keV proton irradiation.
Fig.3 Spectral response of the cells after irradiation with 50 keV protons for different fluences
Typical changes in the spectral responses of the top and middle sub-cells before and after irradiation with 50 keV and 100 keV at a fluence of 1 × 10 13 cm −2 are shown in Fig. 4 . As shown in Fig. 4 , the spectral response of the solar cells mainly drops in the wavelength from 340 nm to 620 nm of the top GaInP cell, and the 100 keV proton-induced degradation of the spectral response is larger than that of 50 keV proton irradiation at the same fluence, in agreement with the results of I-V characteristics. The spectral response changes of the solar cells as a function of the proton energy can be explained using results of the proton total energy loss (electronic excitation Se and nuclear collision Sn) in the solar cells simulated by the Monte Carlo code SRIM [7] . The full damage cascades and displacement energies (10 eV for Ga and As, 6.7 eV for In, 8.7 eV for P) [8] have been used. The simulated results of the non-uniform depth distribution of the total energy loss in the solar cells after irradiation with energies of 50 keV and 100 keV are shown in Fig.5 . Both of 50 keV and 100 keV protons do not penetrate through the top GaInP sub-cell, but can damage the interface of the top sub-cell, and mainly damage the emitter layer and the base layer of the top cell. Irradiation thus degrades the spectral response primarily of the top GaInP sub-cell for the wavelengths from 340 nm to 620 nm. As shown in Fig. 5 , the 100 keV proton irradiation gives rise to more damage density in the top cell compared with the 50 keV proton irradiation. Thus, the larger degradation rates of I sc , V oc , and P max of the solar cells are related to the proton total energy loss in the top GaInP sub-cell. 
Conclusions
In summary, the degradation effects on the GaInP/GaAs/Ge triple-junction cells irradiated with 50 keV and 100 keV protons at fluences from 5×10 10 cm −2 to 1×10 13 cm −2 are analyzed using current-voltage characteristics and spectral response measurements, and the changes in I sc , V oc ,P max and the spectral response of the solar cells are observed as functions of proton irradiation fluence and energy. The results show that the spectral response of the top cell degrades more significantly than that of the middle cell, and 100 keV proton-induced degradation rates of I sc , V oc and P max are larger compared with 50 keV proton irradiation. The data of irradiation degradation rates can be used to predict the low-energy proton irradiation behavior of the solar cells in space environment.
